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Key Points: 
 Complete coseismic surface deformation generated from InSAR helps determine 
ruptured faults and constrain the complex source parameters. 
 The 2018 Mw 7.5 Papua New Guinea earthquake was characterized by deep-seated 
reverse faulting with ruptures extending into depths of > 25 km. 
 This event revealed the possible strain partitioning in the Papuan fold and thrust belt 
and can help explain its growth. 
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Abstract 
Although the Papuan fold and thrust belt (PFTB) is thought to accommodate convergence 
between the Pacific and Australian plates, the possible strain partitioning and its kinematic 
controls in the region are poorly understood. On 25 February 2018, a devastating Mw 7.5 
earthquake jolted the southern area of the PFTB, central Papua New Guinea. The detailed 
imaging of the source parameters of this large earthquake is an urgent demand for a better 
understanding of the tectonism in the region. Here we used spaceborne interferometric 
synthetic aperture radar data to carefully determine the possible ruptured faults and associated 
fault geometries, and further estimated the detailed slip of the 2018 Mw 7.5 earthquake. We find 
the earthquake involved multiple faults failure and a four-segment fault model can reasonably 
produce the complex coseismic deformation, especially the observed bimodal displacements. 
The earthquake was dominated by reverse fault motion, and significant slip of up to ~0.7 m 
was documented on faults extending at depths great than 25 km. An integrated analysis of the 
fracture complexities suggests possible strain partitioning in the PFTB could be tightly coupled 
with regional fault geometries and lithospheric properties. Our findings on the deep brittle 
failures suggest that crustal shortening across the PFTB could primarily control the growth of 
fold and thrust belt in the central Papua New Guinea. 
1. Introduction 
On 25 February 2018 (UTC 17:44:44), a devastating Mw 7.5 earthquake jolted the southern 
area of the Papuan fold and thrust belt (PFTB), central Papua New Guinea (PNG),which is 
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well-known for its prolific natural resources (Figure 1; Hanani et al., 2016). This earthquake 
was the most powerful one ever experienced in the region in the past 100 years, and it was 
followed by five strong M > 6 aftershocks within 60 days. The earthquake was felt with an 
intensity of IX in the earthquake area, and thereby caused extensive damages to buildings, 
triggered various landslides and even closed the oil and gas operations. 
 
The USGS W-phase moment tensor solution suggests the 2018 PNG earthquake is 
dominated by a reverse motion (77° rake) with a centroid depth of ~25 km. The reverse faulting 
mechanism is consistent with the mechanisms of regional historical earthquakes (Figure 1), 
which occurred as a result of strain build-up on a network of deep-cutting faults during the 
process of lithospheric convergence. This ongoing convergent process is closely related to the 
arc-continent collisions in northern PNG (Figure 1), as the Pacific plate collides with the 
Australia plate at a rate of ~110 mm/yr (Tregoning et al., 1999). Crustal shortening across the 
PFTB is believed to occur at the Pliocene (e.g., Hill et al., 2008; Hanani et al., 2016) and shows 
some remarkable along-strike differences, such as a rate from 11.3 mm/yr near 144°E to 7.1 
mm/yr near 142°E (Koulali et al., 2015). As a consequence, a series of subparallel mountainous 
faults and anticlines, with apparent variations in morphology and size (Hill et al., 2008; Hanani 
et al., 2016; Mahoney et al., 2017), are diffusely developing in the region. On the basis of 
present-day landform and lithospheric strength (Hill & Hall, 2003), the PFTB can be 
approximately divided into two parts: the Kutubu fold and thrust belt (KFTB) and the western 
Papuan fold and thrust belt (WPFTB) (Figure 1), which show some primary differences. The 
KFTB with low elevation shows broadly diffused anticlines and characterized by cold and 
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strong lithosphere, whereas the WPFTB with high elevation shows narrowly localized 
anticlines and featured with hot and weak lithosphere. The highly segmented convergence rates 
and young fragmented fault fabrics make the region a hotspot for large earthquakes (Abers & 
McCaffrey, 1988). 
 Although PFTB is well-known as an active seismotectonic belt, knowledge about its 
tectonic kinematics is largely inaccessible due to hash natural environments. In this paper, we 
use the spaceborne interferometric synthetic aperture radar data to map the surface deformation 
associated with the 2018 PNG earthquake. We model the coseismic surface displacements to 
explore the possible rupture faults and estimate their tectonic geometries, and further constrain 
their detailed slip distributions. Finally, we analyze the failure of multiple faults and the 
significant deep-seated reverse faulting to understand the possible strain partitioning in the 
PFTB and shed lights on the tectonic kinematics.  
2. Data and Modeling Method 
2.1. Data  
The ascending and descending ScanSAR mode radar images acquired by the L-band 
Advanced Land Observing Satellite-2 (ALOS-2) (Table S1) were collected to generate 
kinematic responses of the Earth’s surface to the 2018 PNG earthquake. We used the Gamma 
software to process the image pairs and remove the topographic phase with a 30-m-resolution 
digital elevation model (Farr et al., 2007). To reduce phase noise and prevent signal distortion 
at the same time, we filtered the interferogram by three times with a relatively small filtering 
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window of 32 × 32 using an adaptive filtering method (Goldstein & Werner, 1998). A minimum 
cost flow algorithm (Chen & Zebker, 2000) was adopted to unwrap the interferograms. We 
detrended the interferograms by fitting a quadratic surface in the non-deforming area to account 
for the orbital (clearly seen in Figures S1 and S2) and possible ionospheric errors. Our 
experiments show that the root-mean-squares of the GACOS-based (Yu et al., 2017, 2018a, 
2018b) corrected interferograms in the non-deforming areas are 6.9 and 4.3 cm for the 
ascending and descending interferograms, respectively; while those of the interferograms, 
corrected by the empirical topography-correlated atmospheric phase, are lower (6.1 cm and 3.2 
cm). Therefore, the empirical-based corrected interferograms were finally used in this study 
(Figure 2).  
2.2. Fault Model Configuration  
 We can see from Figure 3b that fabrics are discretely distributed along the PFTB, and 
present some differences in strike and dip angle as revealed by focal mechanisms of the 
earthquakes in the southern frontal PFTB (Figure 1), indicating geometrical complexities. To 
account for such possible geometric variations, we initially determined a slip model on three 
fault segments (Figure 3b; denoted as Model I) based on a uniform slip modeling approach 
(section 2.3).  
In addition to the three major fault segments, we found an approximate linear zone that is 
roughly oriented in the northwest direction and shows fringe discontinuities (Figure 3b). The 
fringe discontinuities are in alignment with the regional tectonics where a series of northwest-
oriented subparallel anticlines are mapped (Figure 3b). And a bimodal displacement pattern 
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can be clearly seen across the linear zone (Figures 2e and 2f). Therefore, we built another 
multiple-fault model (denoted as Model II) consisting of four fault segments S1-S4 to examine 
whether fault slip on S4 is necessarily required to explain the geodetic data.  
2.3. Modeling Method 
The displacement map across the PFTB is fairly smooth, indicating that most of the 
faulting could be buried at depth during the earthquake. In this study, we simply estimated the 
geometric parameters for each fault segment separately considering that (i) potential buried 
ruptures on multiple fault segments bring challenges to the estimation of geometric parameters 
for all segments in a simultaneous process, and (ii) the possible along-strike variations in fault 
geometries as revealed by regional focal mechanisms need a more thorough understanding. 
The geometric parameters, including the length, width, depth, dip, strike, longitude and 
latitude coordinates, were estimated for each foreland fault segment (S1-S3) separately by 
using a Bayesian uniform slip modeling approach (Bagnardi & Hooper, 2018). The rationale 
behind this has been attested by the experiments shown in Figures S3 and S4. Different from 
the S1-S3, the strike-variable 96-km-long fault trace of S4 was directly determined from the 
fringe discontinuities observed in Figure 3b (e.g., Sun et al., 2018); the only remaining unknow 
parameter, the dip angle, was optimized using a grid search method while holding the other 
three faults fixed to their optimal geometries.  
We enlarged the fault planes determined above along the strike and dip direction to avoid 
edge effects (Figure 3a), and then subdivided them into small rectangular patches with a grid 
size of 4 km × 4 km to resolve the detailed slip using a constrained linear least-squares method. 
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The input data for inversion were down-sampled using a quadtree method (Figure S6; Jónsson 
et al., 2002). The Green’s functions calculated from the elastic half-space homogeneous 
dislocation model (Okada, 1985) were used to model the coseismic interferograms. In the 
modeling, we employed a Laplacian constraint (Wang et al., 2017) to avoid abrupt non-physical 
slip variations between adjacent fault patches, and the optimal smoothing factor, used to 
balance the data misfit and slip roughness, was estimated from the trade-off curve between the 
two variables (Figure S7). The relative weight for each dataset was respectively determined by 
their error variances, simply assuming they are independent (e.g., Wang et al., 2019). A 
checkerboard test was also conducted in the end to evaluate the resolution of the inverted slip 
model (Figure S8).  
3. Results 
3.1. Coseismic Displacement Maps 
As shown in Figure 2, the 2018 PNG earthquake produced a highly complex deformation, 
with surface displacements of dozens of centimeters distributed along the PFTB for over 180 
km. The maximum LOS displacement is observed to be ~100 cm in the ascending track 
interferogram, and ~80 cm in the descending one. The coseismic interferograms from different 
tracks present a similar fringe pattern with a decrease in range along the LOS (Figure 2), 
suggesting that the coseismic surface deformation due to this earthquake is dominated by uplift 
motion. A close inspection of the coseismic displacements shows no apparent discontinuities 
along the southern foreland of PFTB. In contrast, the surface displacements are fairly smooth, 
suggesting that slip on foreland faults are almost buried at depth. The ascending coseismic 
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interferogram shows low coherence in the near filed (Figure 2c), most likely caused by 
temporal decorrelation due to a large temporal baseline (i.e. 210 days). The coseismic 
displacements show some along-strike differences, decreasing from ~100 cm in the southeast 
to ~20 cm in the northwest as revealed by the ascending interferogram. This suggests that the 
coseismic strain release is highly segmented along the PFTB, and also reflects that there could 
be slip heterogeneities on faults during the earthquake possibly due to the variation of fault 
frictional properties and interseismic strain partitioning.  
3.2. Coseismic Slip Model 
In the optimal fault geometry model, the up-dip projections of the fault segments at the 
surface are well consistent with the surface geological features and observed displacement 
gradients (Figure 3b). The optimal dip angles of the segments show some expected along-strike 
variations. For example, S3 and S4 in KFTB respectively dips to northeast at 40° and 32°; S1 
and S2 in WPFTB are both dipping at 55°, but show differences in the strike angle (Figure 3a). 
This is consistent with the focal mechanisms of regional earthquakes in the southern foreland 
of PFTB (Figure 1).  
Figure S11 is the slip distribution inverted from Segments S1-S3 (Model I). This model 
shows distinct reverse slip of ~4.2 m on S3; reverse motions on S1 and S2, however, are smaller 
than that on S3, can only reach about 1.2 m and 1.8 m respectively. Model I can reproduce the 
surface deformation except in the region to the northeast of S3. As shown in Figures 2e and 2f, 
the observed bimodal displacements cannot be satisfactorily explained by Model I, suggesting 
that S4 could be necessarily required to explain the observations.   
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The preferred slip distribution inverted from Segments S1-S4 (Model II) is plotted in 
Figure 4. We can see that distinct buried reverse slip at depths great than 25 km is resolved on 
S1-S3, which suggests deep-cutting faults well beneath the PFTB are most likely responsible 
for the 2018 PNG earthquake. Checkerboard test shows that the deep-cutting slip is a robust 
feature and independent of the smoothing factor that can be reasonably resolved from the 
observations (Figures S7 and S8). No obvious surface slip is observed on S1-S3. The maximum 
slip is ~1.9 m on S3, ~1.8 m on S2 and ~1 m on S1 (Figure 4), showing a decreasing trend from 
the southeast to northwest. The maximum slip on S4 is ~1.7 m and some shallow ruptures are 
clearly resolved, indicating that this segment partially broke the Earth’s surface. The significant 
slip on S4 suggests that deformation strains accumulated in KFTB are likely to be 
accommodated by a complex fault network. The Model II can well reproduce the coseismic 
deformation, especially the bimodal displacements (Figure 2). The root-mean-squares for the 
ascending and descending interferograms are 6.1 and 5.0 cm, respectively. The coseismic slip 
on S1 – S4 yields a geodetic seismic moment of ~1.90 × 1020 N m, corresponding to an Mw 
7.46 event with an assumed shear modulus of 33 GPa (Figure 3a). 
4. Discussions  
4.1. Multiple faults failure of the 2018 Papua New Guinea Earthquake 
Large earthquakes do not only occur on a simple fault but could also involve near-
simultaneous or cascading rupture of multiple near-critically stressed faults. Cases of multiple 
faults failure have been well documented in recent large earthquakes such as the 2008 Mw 7.9 
Wenchuan earthquake (Wang et al., 2011), the 2016 Mw 7.8 Kaikōura earthquake (Hamling et 
  
©2019 American Geophysical Union. All rights reserved. 
al., 2017) and the 2019 Palu Mw 7.5 Palu earthquake (Song et al., 2019).  
The apparent discrepancies between coseismic observations and single-fault model 
predictions (Figures S13 and S14) promote us to consider that a multiple-fault model is likely 
responsible for the 2018 PNG earthquake. Although the three-segment fault model (Model I; 
Figure S11) can present the geometric complexities, the bimodal displacements were failed to 
be satisfactorily explained, encouraging us to build another fault model, i.e., Model II in which 
the S4 was additionally considered. Results show that slip model inverted from Model II can 
well explain the entire coseismic deformation features including the bimodal displacements 
(Figures 2 and S9 and S10).  
Seismic profiles across the PFTB show that there are ramp-flat structures within the upper 
10 km depth (e.g., Hill et al., 2008; Hanani et al., 2016). To examine whether the S4 could be 
located at a depth connecting to S3, we explored a wider range of possible fault geometries 
defined by the dip angle of S4 and transition depth where S3 and S4 could be connected (Figure 
S15). We chose the fault model with a transition depth of 15 km and a dip angle of 36° for S4 
as the optimal fault model for this experiment. Unfortunately, we found that the slip model 
inverted from this fault model cannot explain the bimodal displacements (Figures S16 and S17), 
suggesting that S3 and S4 are two separate faults that could not connect with each other at 
depth. Proving once again that Model II is the optimal fault model could be responsible for the 
2018 PNG earthquake.  
Our optimal fault model shows some geometric complexities (Figures 3a and S5). The 
along-strike variation of the dip angle is consistent with the regional focal mechanisms (Figure 
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1). Importantly, we find that the faulting ruptured to depths (>25 km; Figure 4) possibly well 
below the lower brittle-ductile transition predicted to occur at a depth of 15-20 km for 
continental earthquakes (Scholz, 1998). The most likely mechanism for these unusual-deep 
brittle failures could be related to the presence of high pore pressures in the fault zones. Actually, 
the large mountainous PFTB and its forelands are energy-rich interiors preserve enormous 
amounts of oil and gas (Figure 1), which is generally an indicator of high fluid pressure at depth. 
High pore pressure around the fault zones can weaken fault strength by reducing the effective 
normal stress on faults, and thereby favors failure of the critically-stressed faults (Scholz, 1998; 
Sibson & Ghisetti, 2018). This mechanism has been proposed for the 2001 Bhuj earthquake 
(e.g., Kayal et al., 2002; Mishara & Zhao, 2003), considering that high Poisson’s ratio was 
imaged at depths of 20-30 km where significant slip lies (e.g., Copley et al., 2011). 
Our findings provide further supports for the rupture scenarios, i.e., spatially distinct faults, 
with a distance > 5 km that is traditionally regarded as a critical distance sufficient to arrest a 
rupture (Wesnousky, 2006), could also involve ruptures if stress perturbations are sufficiently 
large (e.g., Hamling et al., 2017); if so, a more devastating earthquake is imminent. Fault 
networks in the PFTB are intertwined with each other (Figure 1). Particularly, fault interactions 
could present a dual control on stop-start rupture on individual fault segments during an 
earthquake (Walters et al., 2018). Therefore, slip on S4 could be mechanically linked to the 
fault motion on S1 considering the proximity between them. It is worth noting that the gently 
dipping S4 (32°) agrees well with a displacement lobe distinctively depicted in the coseismic 
interferograms (Figures 2 and 3b). This kind of fringe pattern was also recorded in the 2008 
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Wenchuan earthquake, but was interpreted as a response to the slip motion on a sub-horizontal 
décollement beneath the Longmen Shan (Wang et al., 2011). 
Most unexpectedly, in addition to the prominent uplift motion, we found a distinctive oval-
shaped region presenting substantial subsidence (~69 cm) in the descending interferogram; 
however, this subsidence cannot be identified from the ascending interferogram (the post-event 
SAR acquisition is on 26 February 2018) (Figure S6). This suggests that the subsidence could 
be a triggered postseismic deformation or landslide occurred between February 26, 2018 and 
March 1, 2018. However, our preliminary analysis shows that the subsidence is unlikely from 
the poroelastic rebound as its contribution is really small (~4 cm; Figure S18). Exploring the 
possible mechanism that is responsible for the observed subsidence signals is beyond the scope 
of this study, which requires further investigations.  
4.2. Implications for strain partitioning in Papua fold and thrust belt 
An increasing proportion of continental earthquakes has shown that progressive 
convergence across the active fold-and-thrust belts can be accommodated by fault slip at a wide 
range of depths (e.g., Wang et al., 2011). The fault geometry and depth extent of faults 
undergoing brittle failures can provide some observational evidence to help understand how 
continents deform (e.g., Lindsey et al., 2018; Wang et al., 2011). Previous studies show that 
focal depths of the historical M ~6 earthquakes in the New Guinea Highlands are typically 
located at 11-25 km (Abers & McCaffrey, 1988; Mahoney et al., 2017). This suggests that the 
seismogenic faults are deep-cutting and probably extend into the lower crust approaches to 30 
km depth. The 2018 PNG earthquake presents a consistency with the historical earthquakes in 
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the region, showing substantial slips at > 25 km depths except for S4 segment. These deep 
failures led us to propose that the mechanism controlling the growth of the central Papua New 
Guinea is primarily from the crustal shortening across the PFTB. 
S1-S3 show limited slip at shallow depths of 0-5 km, which is likely related to the clastic 
sedimentary layers (Hill, 1990) that could manifest as velocity-strengthening frictional 
properties (Scholz, 1998). Such properties can hinder the brittle failure when the dynamic 
ruptures propagate into the area. Given that reverse fault systems usually have imbricate or 
duplex structures (Boyer & Elliott, 1982), the limited shallow slip is not uncommon and has 
also been observed in other fold-and-thrust belts, e.g., the northwest Zagros belt where ramp-
decollement structures were inferred in the 2017 Mw 7.3 Iran earthquake (Feng et al., 2018). In 
our study, seismic evidences show that fault networks across the PFTB tend to form imbricate 
structures within the upper 10 km of the crust (Hill et al., 2008; Hanani et al., 2016; Callot et 
al., 2017). These geometrically complex structures contribute to fault strength and would 
thereby behave as structural barriers. This is an independent explanation of the limited slip at 
shallow depths of S1-S3. Other hypothesis, such as the shallow part of the fault has been 
ruptured by an event earlier or there is interseismic creeping, may also contribute to the limited 
shallow slip. However, assessing these possibilities is currently unavailable given an 
incomplete record of paleo-earthquakes and the lack of high resolution interseismic 
displacement fields in the region. 
As shown in Figure 4b, the PFTB shows remarkable along-strike differences in 
geomorphology. The KFTB is characterized by relatively low elevation as opposed to the 
  
©2019 American Geophysical Union. All rights reserved. 
WPFTB. Such topographic contrast could be tightly related to the lateral rheological 
heterogeneities and geometrical complexities. As Hill & Hall (2003) suggested that the western 
PFTB is characterized by cold and strong Proterozoic lithosphere, whereas the eastern part is 
featured with hot and weak Late Paleozoic lithosphere. As a consequence, convergences in the 
KFTB are mostly accommodated by the diffusely distributed weak faults, whereas those in the 
WPFTB are mostly converted into crustal shortening and mountain building. Geomorphology 
segmentation of the PFTB can be also partly accounted by the lateral variations in the fault dip 
angles we inferred through the 2018 PNG earthquake, i.e., the dip angles of S1 and S2 (both 
dip at 55°) in the western part are steeper than that of the S3 (dips at 40°) and S4 (dips at 32°) 
in the eastern part. The possible strain partitioning (this study; Koulali et al., 2015) and along-
strike variations in structure and topography may reflect the different responses of weak and 
strong lithosphere beneath the PTTB to the arc-continent collision between the Australia and 
Pacific plates. 
5. Conclusions 
As one of the most active tectonic belts in the world, Papua fold and thrust belt is well 
known for the productivity of large earthquakes. However, the harsh natural environment 
makes it nearly inaccessible, and thus largely hampers the knowledge of its tectonism. The 
2018 Mw 7.5 earthquake, the largest one ever instrumentally recorded in the region, provides a 
rare opportunity to understand the regional tectonic kinematics. Our analysis of the generated 
coseismic surface deformation shows that the earthquake involved a multiple faults failure with 
four fault segments possibly ruptured during the earthquake. The significant deep-seated slip 
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of up to 0.7 m suggests that crustal shortening across the PFTB could primarily control the 
growth of fold and thrust belt in the central Papua New Guinea. The well-estimated laterally 
heterogeneous slip to some extent reflects spatially variable friction and interseismic strain 
partitioning on fault. The observable along-strike differences in structure geometry, topography 
as well as convergent rate may due to the different responses of weak and strong lithosphere 
beneath the PTTB to the arc-continent collision between the Australia and Pacific plates. 
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Figure 1. Tectonic settings of the study region. The red beach ball represents the USGS focal 
mechanism of the 2018 PNG earthquake; the blue ones are M > 6 aftershocks within 60 days; 
the purple ones are M > 6 historical earthquakes; the black circles are mb ≥ 3 aftershocks. 
Numbers in the parentheses are the dip angles from the USGS solution. Blue rectangles are the 
surface projections of fault segments optimally determined in this study with their top edges 
marked by the thick blue lines. Thin black lines are the regional faults obtained from the 
geology map of South East Asia. Dashed lines indicate the locations of the profiles used in this 
study. The thick red arrow in the inset map indicates the relative motion between the Pacific 
and Australian plates, and the red rectangle outlines the study region. The red star in the top 
right inset shows the epicentral location in the global map view. PP: Pacific plate, AP: Australia 
plate, PFTB: Papuan fold and thrust belt, WPFTB: western Papuan fold and thrust belt, KFTB: 
Kutubu fold and thrust belt. 
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Figure 2. (a) Observed coseismic LOS displacements from descending T011. (b) Modeled 
displacements from the best-fitting Model II for (a), (c) and (d) are same as (a) and (b), but 
for ascending T114. The white in the near field indicates the area with low-coherence. 
Coseismic displacements are rewrapped with a fringe interval of -5 to 5 cm. (e) Observed (black 
line) and modeled descending LOS displacements along the profile 1 shown in Figure 1. Green 
line is the prediction from Model I (Figure S11), and red line from Model II (Figure 4). Gray 
dashed lines show the location of surface projection of the fault. Black rectangle highlights the 
observed bimodal displacements. (e) same as (f), but for profile 2. 
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Figure 3. (a) Estimated source parameters of the 2018 PNG earthquake. a Super- and subscripts 
attached to each parameter are the 95% confidence intervals; b average strike angle of S2; c the 
enlarged fault plane; d the estimate is calculated from slips on S1-S4. (b) An enlarged version 
of the surface structures and descending coseismic interferogram. The white dashed rectangle 
outlines a distinctive fringe lobe would be discussed. This figure is shown in an oblique 
Mercator projection.
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Figure 4. (a) The optimal coseismic slip distribution inverted from Model II. Gray arrows show 
the moving directions of the hanging well. (b) 3D map view of the coseismic slip distribution 
of Model II and the topography. To give a better version of the slips on all segments, we make 
a shift to show the location of S4 (the actual location is denoted by the blue dashed rectangle).   
 
